The reminiscence bump is the disproportionally high reporting of autobiographical memories from adolescence and early adulthood and is typically observed when memories are evoked by cues, such as words, pictures, and sounds. However, when odors are used the bump shifts to early childhood. Although these findings indicate that sensory modality affects the bump, the influence of the individual's sensory function on the reminiscence bumps is unknown. We examined the reminiscence bumps of sound-and odor-evoked autobiographical memories of early blind and sighted individuals, since early blindness implies considerable effects on sensory experience. Despite differences in sensory experience between blind and sighted individuals, the groups displayed similar age distributions of both sound-and odor-evoked memories. The auditory bump spanned the first two decades of life, whereas the olfactory bump was once again found in early childhood. These results demonstrate that the reminiscence bumps are robust to fundamental differences in sensory experience.
studentkaninen.se) and at Stockholm University.
The following exclusion criteria were used for both groups: (1) being below 45 years of age (since the participants' ages should be clearly above the bump regions), (2) suffering from olfactory impairment, (3) suffering from severe hearing loss or using hearing aids, and/or (4) suffering from a neurological disorder. Moreover, for sighted participants, severe visual impairment was an exclusion criterion. One blind participant aged 44 years and 9 months was included despite the exclusion criterion regarding age, as recruitment from this group was particularly difficult.
The blind participants were either congenitally blind (n = 12) or had become blind in early childhood (i.e., < 3 years of age: n = 19). Some of them were totally blind (n = 19) and some had residual vision (n = 12), although all participants reported having visual acuity below 0.05. The causes of blindness were retrolental fibroplasia (n = 8), retinoblastoma (n = 5), glaucoma (n = 4), heredo-retinopathia congenitalis (n = 2), Leber's congenital amaurosis (n = 2), sclerocornea (n = 2), inconentia pigmenti (n = 1), Rieger anomaly (n = 1), accident (n = 1), and undetermined congenital defects to the cornea, retina, or optic nerves (n = 5).
The study was approved by the Regional Ethical Review Board in Stockholm (2015/369-31/4) , and all participants gave written informed consent before participation. They were compensated with SEK 800 for participating and the blind participants were reimbursed for travel expenses. As noted above, the study was preregistered at the OSF (https://osf.io/9rxgn).
Study design
On two separate occasions, sighted and blind participants were presented with auditory and olfactory cues to evoke AMs. The presentation order of the two modalities was counterbalanced across the matched pairs of sighted and blind participants. The age distributions of the proportions of sound-and odor-evoked AMs, respectively, were analyzed across the first four 10-year intervals, separately for the study groups. Additionally, the number of reported AMs was analyzed as a function of the sensory modality of the cue and study group (see Results below).
Materials
Two sets of stimuli were used to evoke AMs, comprising 15 environmental sounds and 15 odors, respectively (Table 1) . Each matched pair of sighted and blind participants was randomized to one of the stimulus sets and to one of two presentation orders for that specific set. To control for potential differences between sensory modalities, the sounds in one set were congruent with the odors Note. Matched pairs of sighted and blind participants were randomized to one of two stimulus sets (a or b).
in the other set (e.g., the sound of a fire and the smell of burned wood). The selection of stimuli was based on previous AM studies (e.g., Willander et al., 2015) and pilot testing. The sounds were presented using earphones (Beyerdynamic DT-770 Pro; Beyer Dynamic, Heilbronn, Germany) connected to a soundcard (RME Babyface Pro; RME, Haimhausen, Germany) and a computer (MacBook Air; Apple, Cupertino, CA, USA). The sounds were selected from online collaborative sound databases (freesound: www.freesound.org; SOUND JAY: www.soundjay.com), a previous study (Willander et al., 2015) , a large sound database on CD (BBC Sound Effects Library-Original Series; BBC, London, UK), and in-house recordings produced in the lab. The sounds were 6-30 s in length. The odor sources (Table 1) were kept in nontranslucent glass jars covered with tape and the odorous content was covered with a cotton pad to prevent visual inspection.
To investigate whether the sounds and odors were perceived as equally familiar by sighted and blind participants, familiarity was rated on a 9-point Likert scale ranging from 1 (totally unfamiliar) to 9 (very familiar), as outlined in the Procedure below. For sounds, slightly higher ratings were given by sighted (M = 8.19, SD = 0.68) than blind (M = 7.78, SD = 0.77) participants (mean difference = 0.41 95% CI [0.04, 0.76]). The familiarity of the odors was also rated slightly higher by sighted (M = 6.99, SD = 1.21) than blind (M = 6.66, SD = 0.83) participants (mean difference = 0.33 95% CI [−0.20, 0.86]).
Procedure
All participants were individually tested with auditory (n = 15) and olfactory (n = 15) memory cues on two occasions approximately two weeks apart (M = 14, SD = 2, Mdn = 14, range = 11-23 days). The participant was told that the responses would be recorded with two audio recorders; this recorded material was intended for use in a future study, for further analysis of the memory contents. After receiving verbal instructions about the study, the participant provided written informed consent. The following instructions were given (for the full instructions in Swedish along with an English translation, see the Supplementary Material, methods section):
"You will be presented with a number of cues [i.e., sounds or odors] and the task is to remember a specific event related to each cue. The event may have taken place any time during your life. We define a specific memory as memory of an event that has taken place on a certain occasion and during a restricted time period (e.g., seconds, minutes, or hours). If the event has taken place several times, please choose one of the occasions. If you can recall an event, please describe it in as much detail as possible and, if possible, describe sensory information and feelings about the event. A maximum of three minutes will be provided for this task. I [i.e., the experimenter] will listen silently during this time. After the description, you will be asked to rate the memory on a number of experiential dimensions."
For each cue, 30 s were allowed for memory retrieval (Willander et al., 2015) . In cases in which the sound was shorter than that, the participant was allowed to replay the sound, although still for a total maximum of 30 s. Similarly, the participant was able to smell the odor as much as wanted for 30 s, by holding the jar him/herself. If an event was recalled, it was described for a maximum of three minutes. After the full presentation of 15 stimuli, each stimulus was presented one more time, in the same order of presentation as before. This time, the participant was instructed to rate the perceived familiarity of the stimulus. Familiarity ratings of the memory cues were collected because this factor might be related to the ability to retrieve a memory. As noted above, the presentation orders with regard to sensory modality (i.e., odor-sound vs. sound-odor) and stimuli (i.e., two presentation orders for each stimulus set) were counterbalanced across matched pairs of sighted and blind participants.
In the second and last testing session, the above procedure was followed by several additional tasks. First, the participant was asked to determine at what age each of the memories retrieved in both testing sessions occurred. Second, a short questionnaire regarding demographic and health information was completed. The preregistration at OSF provides further details about the study design and measures not included in the present discussion (i.e., phenomenological ratings, mental imagery ratings, identification, and verbal fluency).
Data analysis
In preregistering the study, four separate univariate one-way analyses of variance (ANOVAs) were planned for sound-and odorevoked memories of sighted and blind participants, respectively. However, due to violations of the assumptions of normally distributed data, analogous non-parametric analyses (i.e., Friedman tests) were performed instead. Significant effects were followed up using the non-parametric Wilcoxon signed-rank test. Note that the reason for analyzing age distributions of AMs separately for each sensory modality and group was because the location of the reminiscence bumps were of primary interest, and not whether the exact proportion of AMs at a specific age interval differed between modalities or groups.
For each participant and age interval, the proportion of memories was calculated by dividing the number of memories for the interval by the total number of memories for the participant. In the Results section below, we first present the data from the whole life-span, as planned in the preregistration. However, because the age varied considerably across participants (i.e., 44-71 years), the statistical analyses of the age distributions of AMs are based on the first four age intervals only (i.e., 0-10, 11-20, 21-30, and 31-40 years) . In this way, all participants could theoretically contribute data for each age interval. The age distribution was cut off at 40 and not 44 years of age because the age intervals should be the same length. Note that in these analyses, the proportion of memories for each participant and age interval was calculated by dividing the number of memories for the interval by the number of memories up to 40 years of age for the participant.
Although not stated in the preregistration we also assessed the age interval by group interaction using two separate Bayesian repeated measures ANOVAs for sound-and odor-evoked memories. We used a Bayesian approach because it, contrary to classical null hypothesis significance testing, can quantify evidence in favor of H0 (see Supplementary Materials, results section).
Results

Age distributions across the life-span
Sighted and blind participants demonstrated relatively similar age-distributions of both sound-and odor-evoked AMs. Visual inspection of the boxplots in Fig. 1 shows that there is large inter-individual variation and that the data is not normally-distributed. Note that there is only one participant (with blindness) in the 71-80-year interval.
For sound-evoked memories (Fig. 1, upper panel) , sighted and blind participants showed higher mean proportions of AMs in the 0-10-and 11-20-year intervals than in the 21-30-and 31-40-year intervals. The proportion of memories increased in the 41-50year interval, and stayed relatively high across the remaining age intervals, in particular for the sighted participants.
For odor-evoked memories (Fig. 1, lower panel) , sighted and blind participants showed the highest mean proportion of AMs in the 0-10-year interval, after which the proportion of memories decreased across the following two or three age intervals, depending on the group. This pattern was followed by an increase in the proportion of AMs across the remaining age intervals.
Overall, the higher proportions of sound-and odor-evoked memories in the latter decades of life, in particular from the 41-50- year interval and above, suggest that there were certain recency effects in the recall of autobiographical events. However, it is important to note that the variation in participant age (i.e., 44-71 years) may have influenced the age distributions for the recency period.
Descriptive statistics regarding the number of AMs as a function of sensory modality and group are presented in Table 2 .
3.2. Localization of the bumps: Age distributions across the first four decades of life
Sound-evoked memories
The proportions of sound-evoked memories across the first four age intervals were analyzed using two separate Friedman tests for sighted and blind participants. Fig. 2 shows the mean proportions of sound-evoked memories across age intervals, separately for the groups.
For sighted participants, the Friedman test indicated that the effect of age interval was significant (χ 2 (3, N = 31) = 9.15, p = .027). Follow-up analyses using Wilcoxon signed-rank tests confirmed that the proportion of memories in the 11-20-year interval was significantly higher than in the 21-30-year interval (Z = − 2.09, p = .037).
The Friedman test for blind participants also indicated a significant effect of age interval (χ 2 (3, N = 31) = 11.79, p = .008). Follow-up analyses confirmed that the proportions of memories in the 0-10-and 11-20-year intervals were significantly higher than in the 21-30-year interval (Z = − 1.97, p = .049; Z = −2.13, p = .033, respectively). No other comparisons were statistically significant.
Moreover, a Bayesian model comparison demonstrated that compared to the best model (i.e., the model that only included the main effect of age interval) there was decisive evidence in support for the null hypothesis (BF null ) that there was no interaction between age interval and group for sound-evoked memories (BF null = 132.0). The full analysis is presented in the Supplementary Material (Table S1 ).
Odor-evoked memories
The same analyses as for the sound-evoked memories were applied to the odor-evoked memories. Fig. 3 shows the mean proportions of odor-evoked memories across age intervals, separately for sighted and blind participants. The figure shows that the highest proportion of memories was located in the 0-10-year interval for both groups.
For sighted participants, the Friedman test indicated that the effect of age interval was significant (χ 2 (3, N = 31) = 21.34, p < .001). Follow-up analyses using Wilcoxon signed-rank tests confirmed that the proportion of memories in the 0-10-year interval was significantly higher than in the 11-20-(Z = −2.04, p = .042), 21-30-(−3.57, p < .001), and 31-40-(Z = −2.88, p = .004) year intervals. In addition, the proportion of memories was significantly higher in the 11-20-than the 21-30-year interval (Z = −2.31, p = .021). Also for blind participants, the Friedman test indicated a significant effect of age interval (χ 2 (3, N = 31) = 15.63, p = .001). Follow-up analyses confirmed that the proportion of memories in the 0-10-year interval was significantly higher than in the 11-20-(Z = − 2.30, p = .022), 21-30-(Z = − 2.56, p = .010), and 31-40-(Z = − 2.85, p = .004) year intervals. No other comparisons were statistically significant.
Moreover, a Bayesian model comparison demonstrated that compared to the best model (i.e., the model that only included the main effect of age interval) there was very strong evidence in support for the null hypothesis (BF null ) that there was no interaction between age interval and group for odor-evoked memories (BF null = 53.8). The full analysis is presented in the Supplementary Material (Table S2 ).
Number of memories
In addition to the analyses of the age distributions, the total numbers of sound-and odor-evoked memories, respectively, were analyzed for the sighted and blind individuals. For each participant, the respective numbers of sound-and odor-evoked memories were calculated based on the first four age intervals (i.e., 0-10, 11-20, 21-30, and 31-40 years) . The numbers of generated memories were analyzed using a mixed 2 × 2 ANCOVA with group (sighted, blind) as the between-subjects factor and sensory modality (auditory, olfactory) as the within-subjects factor. Mean ratings of the perceived familiarity of auditory and olfactory cues, respectively, were included as covariates to control for potential differences between blind and sighted participants. Table 2 presents descriptive statistics for the number of memories as a function of sensory modality (auditory, olfactory) and group (sighted, blind), separately for the first four decades of life and the whole life-span. As shown in the table, blind individuals retrieved more sound-and odor-evoked memories than did sighted individuals. However, the ANCOVA on the memories from the first four decades of life found no significant effects of group (F(1, 58) = 3.38, p = .071, η 2 = 0.06), sensory modality (F(1, 58) = 0.67, p = .415, η 2 = 0.01), or interaction between factors (F(1, 58) = 2.22, p = .142, η 2 = 0.03). The covariates of sound familiarity (F(1, 58) = 2.10, p = .152, η 2 = 0.03) and odor familiarity (F(1, 58) = 0.005, p = .946, η 2 < 0.001) were also not significant. It should be noted that analyzing the total number of memories from the whole life-span leads to the same conclusions (see Supplementary Material, results section).
Discussion
Here we addressed whether the well-documented reminiscence bumps may be modulated by sensory function. In essence, our data demonstrate that blindness does not change the age distributions of AMs, as blind and sighted individuals displayed virtually the same temporal distribution of sound-and odor-evoked memories across the lifespan. Although AM has previously been studied in blind individuals (e.g., Eardley & Pring, 2006; Tekcan et al., 2015) , this study is the first to demonstrate the formation of reminiscence bumps in this population.
Blindness may affect both the neural organization of the brain (Kupers & Ptito, 2014) and certain perceptual and cognitive abilities, such as auditory discrimination (e.g., Gougoux et al., 2004) , episodic memory (e.g., Cornell Kärnekull, Arshamian, Nilsson, & Larsson, 2016; Röder & Rösler, 2003) , and attention (e.g., Collignon et al., 2006; Pigeon & Marin-Lamellet, 2015) . Based on these findings, we set out to examine whether AM may also be affected by sensory function. We took an exploratory approach regarding potential differences between blind and sighted individuals in the age distributions of AMs but speculated that if the reminiscence bumps were related to sensory experience and attention in everyday life, then attenuated bumps for the blind participants might be expected. This was, however, not the case.
For sound-evoked memories, sighted and blind participants displayed very similar age distributions. Neither sighted nor blind individuals showed any difference between the proportions of memories in the 0-10-and 11-20-year intervals, whereas the 21-30year interval had a lower proportion than did the 11-20-year interval. For sighted participants, but not for the blind, the difference Fig. 3 . Age distributions of odor-evoked autobiographical memories (OEAMs) with mean proportion of memories ( ± SE) across age intervals in sighted (unfilled circles) and blind participants (filled circles). The proportions of memories are based on memories through age 40.
between the 0-10-and 21-30-year intervals was statistically non-significant. Although the bump was not particularly distinct for any of the groups, it appeared to span the first two decades of life. This similarity is interesting as blind individuals are highly auditory oriented and display enhanced abilities in several auditory tasks (Frasnelli, Collignon, Voss, & Lepore, 2011) . This suggests that effects of early visual loss (e.g., increased auditory attention) do not modulate factors proposed to underlie the reminiscence bump, such as the number of novel and distinctive events (Rubin et al., 1998) .
The hypothesis that sighted participants would display an auditory bump in the 21-30-year interval was not supported. Importantly, although few studies have used sound cues to evoke AMs (music cues: e.g., Cady, Harris, & Knappenberger, 2008; Schulkind, Hennis, & Rubin, 1999; Schulkind & Woldorf, 2005; naturalistic cues: Willander et al., 2015) , Willander et al. (2015) demonstrated that after the forgetting component was removed mathematically from the age distribution, sound-evoked memories peaked in both childhood (~8 years) and early adulthood (~20 years). This resembles our findings and suggests that the auditory bump (or bumps) may extend from childhood up to early adulthood. However, when music cues have been used, the memory peak seems to be restricted to the teenage years (~15 years: Schulkind & Woldorf, 2005) . Hence, the divergent findings across studies could partly be related to methodological differences, for example, in the stimulus material (e.g., music cues vs. environmental sounds) or in participant age.
The Proust phenomenon was present in blind as well as sighted participants, as reflected by an olfactory bump in early childhood. These findings corroborate previous research in sighted individuals (Chu & Downes, 2000; Willander & Larsson, 2006 , 2007 Willander et al., 2015 ; but see Goddard, Pring, & Felmingham, 2005; Rubin et al., 1984) and suggest that visual deprivation does not influence how odor-evoked memories are distributed. Although the olfactory bump seems to be a robust phenomenon, the underlying mechanism is still unclear, and the present findings cannot support or reject present hypotheses, such as privileged first odor associations (Yeshurun et al., 2009 ). However, visual information is likely not an important factor in the mechanisms underlying these hypotheses.
Furthermore, our results indicate that visual-auditory and visual-olfactory integration at the encoding of autobiographical events do not strongly affect the bumps. Likewise, the perceptual and semantic associations evoked by hearing a sound or smelling an odor during the recollection do not seem to be strongly affected by whether or not the individual is able to connect the perceptual stimulus to a visual experience, such as a visual mental image or memory. Hence, the effect of multimodal integration, either perceptually or mental imagery driven, is not a critical factor for the formation of the reminiscence bumps.
It is important to note that similar age distributions do not necessarily rule out the possibility of differences in the number of retrieved memories. Although the blind individuals reported more sound-and odor-evoked memories than the sighted, the differences were statistically non-significant. The evidence is therefore inconclusive regarding our hypotheses that blind individuals should retrieve more sound-evoked memories than the sighted but a similar number of odor-evoked memories. Research on AM in blind individuals is generally scarce and shows mixed results, with some studies suggesting that blind individuals retrieve fewer memories than sighted (Eardley & Pring, 2006; Tekcan et al., 2015) while others suggest no difference (Pring & Goddard, 2004) . However, an important methodological difference between those studies and the present study is their use of word cues instead of perceptual cues. For example, Eardley and Pring (2006) found that blind individuals retrieved fewer memories than sighted when cued by highimagery sensory words and low-imagery abstract words. Sighted individuals' advantage has been suggested to be related to the role played by visual imagery in AM, because vision may be important for integrating multimodal components of memories (Tekcan et al., 2015) . Although these suggestions may be true, our study indicates that when perceptual memory cues, such as environmental sounds and odors, are used, memory retrieval in blind individuals is not compromised.
As compared to previous work using other types of memory cues (e.g., words and pictures), the retrieval rates for sound-and odor-evoked memories were relatively low (see Hackländer et al., 2019; Larsson et al., 2014 for reviews). It has been suggested that odors may be more specific than verbal or pictorial information and therefore match fewer mental representations, which in turn may explain the lower cue efficiency (Larsson et al., 2014) . Moreover, olfactory memories are also less thought of as compared to other cues (Hackländer et al., 2019; Larsson et al., 2014; Rubin et al., 1984; Willander & Larsson, 2006) , and this may influence how the memories are represented and how easily they are retrieved. In this study, the number of retrieved memories did not differ significantly between auditory and olfactory cues (see Willander et al., 2015 for a similar finding). However, more research is needed to draw more firm conclusions about whether memories evoked by environmental sounds also may be characterized by the low cue efficiency as is typically observed for odors.
Conclusions
We examined sound-and odor-evoked autobiographical memories of early blind and sighted individuals to explore whether blindness may modulate the auditory and olfactory bumps. Blind and sighted individuals displayed similar age distributions of both sound-and odor-evoked memories, indicating that even when there is a fundamental difference in visual perception and thus life experience, neither the auditory nor the olfactory bump is affected. Thus, reminiscence bumps are robust to fundamental differences in sensory experience. 
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